I find that a long-term seismic quiescence started 23.4 years before the 2011 off the Pacific coast of Tohoku Earthquake (M = 9.0). An earthquake catalog compiled by the Japan Meteorological Agency (JMA) is analyzed. The catalog includes 5770 earthquakes shallower than 60 km with M ≥ 4.5. A detailed analysis of the earthquake catalog between 1965 and 2010 using the gridding technique ZMAP shows that the 2011 Tohoku earthquake is preceded by a seismic quiescence anomaly that began in November 1987. The quiescence-anomaly area is located around the deeper edge of the asperity ruptured by the main shock, and the Z -value is +4.9 for a time window of T w = 15 years, using a sample size of N = 150 earthquakes. It is suggested that a seismic quiescence which starts more than 20 years before the main shock is common to giant earthquakes (M ∼ 9.0) in subduction zones.
Introduction
Several significant cases support the hypothesis that seismic quiescence precedes large earthquakes (e.g., Mogi, 1969; Ohtake et al., 1977; Wyss, 1985) . Wyss and Habermann (1988) summarized seventeen cases of precursory seismic quiescence to main shocks with magnitudes ranging from M = 4.7 to 8.0, and found that (1) the rate of decrease ranges from 45% to 90%, and (2) the duration of the precursors ranges from 15 to 75 months. Recently, more reliable precursory seismic quiescences have been reported: the Spitak earthquake (M = 7.0) in 1988 (Wyss and Martirosyan, 1998) , the Landers earthquake (M = 7.5) in 1992 (Wiemer and Wyss, 1994) , the Hokkaido-Toho-oki earthquake (M = 8.3) in 1994 (Katsumata and Kasahara, 1999) . On the other hand, little is known whether giant earthquakes (M ∼ 9.0) have been preceded by seismic quiescences. Kanamori (1981) pointed out that some giant earthquakes were preceded by seismic quiescences lasting more than 20 years. The purpose of this study is to identify and characterize a long-term seismic quiescence before the 2011 off the Pacific coast of Tohoku Earthquake (M = 9.0).
Data
A temporally-homogeneous earthquake catalog is most important when analyzing temporal changes in seismicity (Habermann, 1987) . In this study, the JMA earthquake catalog is used between 1 January, 1965, and 31 December, 2010. Earthquakes shallower than 60 km along the Kurile and the Japan trenches, excluding earthquakes in the crust beneath the land (Fig. 1) , are selected. Firstly, the number of earthquakes versus magnitude for the catalog was checked to estimate the degree of completeness, M c . In this study, M c is defined as the point at which a power law can model 90%, or more, of the frequency-magnitude distribution (Wiemer and Wyss, 2000) . M c is approximately 4.5 from 1965 to 1975 and decreases gradually to 1.0 ( Fig. 2(a) ). Thus, it is concluded that all earthquakes with M ≥ 4.5 are located, without fail, between 1965 and 2010. Secondly, temporal changes in b-value are checked, which is a parameter in an equation of the frequency of occurrence of earthquakes as a function of magnitude: log 10 N = a − bM, where N is the cumulative number of earthquakes with magnitude larger than M and a and b are constants. If a large temporal change in b-value is observed, the earthquake catalog is probably affected by man-made changes. It was found that the b-value ranges almost between 0.9 and 1.0, except for the years between 2003 and 2010 ( Fig. 2(a) ). Changes in the magnitude were possibly caused by a gradual change in the seismographic network of the JMA after 1997. The amount of the magnitude shift is 0.1, if the b-value between 1997 and 2002 is to be the same as that between 1992 and 1997. Since this magnitude shift is very small, no magnitude correction is applied in this study.
It is concluded that the JMA earthquake catalog is temporally homogeneous between 1965 and 2010 for the magnitude band M ≥ 4.5, which is the basis of analysis of this study. Clustered events such as aftershocks and earthquake swarms are not removed from the catalog because declustering is a non-unique procedure, which has well-known shortcomings (Zhuang et al., 2002) .
Method
The second important thing for a seismic quiescence analysis is to define spatiotemporal changes in seismicity quantitatively by using statistical parameters. In this study, a gridding technique ZMAP (Wiemer and Wyss, 1994 ) is used to produce an image of the significance of rate changes in space and time. For each window position, the Z -value is calculated generating the function LTA defined by Wiemer and Wyss (1994) , which measures the significance of the difference between the mean seismicity rate within the window T w , R w , and the background rate R bg that is defined here as the mean rate in time period between t 0 and t e , except for T w . The Z -value is defined as
where S and n are the variance and number of samples, respectively.
Results
The Z -maps shown in Fig. 3 present typical time slices for the JMA earthquake catalog every four years between T s = 1976 and 1996. The declustering process is not applied before the calculation of Z -values. In each time slice, only grid points with a radius of resolution circle smaller than 100 km are selected and colored, which are defined as the effective grids. The number of effective grids is 12815 in each time slice, and there are 575 time slices, thus 12815 × 575 = 7368625 is the total number of effective grid points where Z -values are calculated. Among those grid points only 65 nodes have a Z -value larger than +4.9, which is 65/7368625 ∼ 0.001%. The positive Zvalues indicate seismic quiescence. I find that the 65 nodes are divided into four quiescence groups: Miyagi, Boso, Sanriku-haruka-oki, and Kurile quiescences.
The Miyagi quiescence starts in 1987.9, defined by a circle centered at (38.10
• N, 141.85
• E) with a radius of 70 km, and characterized by Z = +4.9 (Fig. 4(a-c) ). Note that "1987.9" does not mean September in 1987 but "1987+0.9". The seismicity rate decreases by 50% from 3.0 to 1.5 events/year. In this area, two large earthquakes occurred in 1978 (M = 7.4), which is the Miyagi-kenoki earthquake, and in 2005 (M = 7.2). The two large earthquakes were followed by aftershocks and the cumulative number curve has offsets in 1978 and 2005. However, no large earthquakes with M ≥ 6.0 occurred in this area around 1988. The Boso quiescence starts in 1988.6, defined by a circle centered at (34.45 • N, 140.70
• E) off the Pacific coast of the Boso peninsula with a radius of 98 km, and Z = +5.0 (Fig. 4(g-i) ). The seismicity rate decreases by 64% from 5.0 to 1.8 events/year. No large earthquake with M ≥ 6.0 occurred in this area around 1988. Another quiescence is detected near the Boso quiescence, which is defined by a circle at (33.90
• N, 140.20
• E) with a radius of 97 km, and Z = +5.0 (Fig. 4(j-l) ). In this area, many aftershocks followed two earthquakes larger than M = 7.0 which occurred in 1972. The decay curve of the aftershocks has two sharp bends in 1975 and 1992. This quiescence is grouped into the Boso quiescence because the two quiescences are located very closely and they start almost simultaneously.
It is clear that the Sanriku-haruka-oki quiescence is caused by aftershocks following a large earthquake with M = 7.6 in 1994, which is the Sanriku-haruka-oki earthquake ( Fig. 5(a-c) ). The number of aftershocks decreased quickly after the main shock and a few aftershocks larger than M = 4.5 occurred after 1996. Thus, an apparent high Z -value is found in September 1995.
The Kurile quiescence should be a man-made change ( Fig. 5(d-f) ). Since the detection capability was improved by the deployment of new seismographs in this area, the seismicity rate increased suddenly after 1977. Therefore, the seismicity rate between 1965 and 1980 is very low compared with that between 1980 and 2010, and thus an apparent high Z -value is detected in January 1965.
Discussions
Based on the analyses above, it is concluded that the Miyagi and the Boso quiescences are true seismic quiescences. Especially the Miyagi quiescence is located near the maximum slip on the asperity ruptured by the 2011 main shock. Although the Z -value is smaller than +4.9, another high Z -value anomaly is detected in the circle at (36.75 • N, 141.55
• E) with a radius of 44 km, and Z = +4.7, which is located around the southern part of the asperity (Fig. 4(df) ). The GPS stations near the Miyagi quiescence had been moving toward the east in 2000 (Nishimura, 2011, personal communication) . This observation suggests that the Miyagi quiescence is induced by a precursory slow slip.
A declustering process (Reasenberg, 1985) is applied to the JMA catalog and it is found that the Miyagi quiescence is also detected. A numerical simulation is conducted, assuming a random seismicity, in order to estimate the statistical significance of the Miyagi quiescence. As a result, the probability that the long-term seismic quiescence with Z ≥ 4.9 is observed between 1965 and 2011 (46 years) is ∼30%, that is, once every ∼150 years ( Fig. 2(b) ). Although the Miyagi quiescence detected in this study is not statistically very significant, it would appear to be a longterm precursor to the Tohoku giant earthquake in view of the synchronized change with the crustal deformation.
Previous studies have reported that quiescence started more than 20 years before some giant earthquakes: 32 years for the Kamchatka earthquake (M = 9.0) in 1952, 21 years for the Aleutian Islands earthquake (M = 9.1) in 1957, and 20 years for the Alaska earthquake (M = 9.2) in 1964 (Kelleher and Savino, 1975; Kanamori, 1981) . In the case of the Tohoku earthquake, the Miyagi quiescence started 23.4 years before the main shock, which is consistent with previous giant earthquakes.
